To more fully characterize the internal structure of transgene loci and to gain further understanding of mechanisms of transgene locus formation, we sequenced more than 160 kb of complex transgene loci in two unrelated transgenic oat (Avena sativa L.) lines transformed using microprojectile bombardment. The transgene locus sequences from both lines exhibited extreme scrambling of non-contiguous transgene and genomic fragments recombined via illegitimate recombination. A perfect direct repeat of the delivered DNA, and inverted and imperfect direct repeats were detected in the same transgene locus indicating that homologous recombination and synthesis-dependent mechanism(s), respectively, were also involved in transgene locus rearrangement. The most unexpected result was the small size of the fragments of delivered and genomic DNA incorporated into the transgene loci via illegitimate recombination; 50 of the 82 delivered DNA fragments were shorter than 200 bp. Eleven transgene and genomic fragments were shorter than the DNA lengths required for Ku-mediated non-homologous end joining. Detection of these small fragments provided evidence that illegitimate recombination was most likely mediated by a synthesisdependent strand-annealing mechanism that resulted in transgene scrambling. Taken together, these results indicate that transgene locus formation involves the concerted action of several DNA break-repair mechanisms.
Introduction
Microprojectile bombardment and Agrobacterium-mediated T-DNA transfer are the main DNA delivery methods used to produce genetically engineered plants. The transgene loci generated using these methods vary in size and complexity, although Agrobacterium-mediated transformation results in a higher proportion of simple inserts compared to those produced using microprojectile bombardment (Pawlowski and Somers, 1996) . The internal structures of transgene loci produced via direct DNA delivery methods appear to differ from T-DNA-derived loci in at least two important ways. First, they more often consist of multiple copies of full-length, truncated and rearranged transgene DNA (Klein and Jones, 1999; Pawlowski and Somers, 1996) . Second, a substantial proportion of transgene loci produced using microprojectile bombardment exhibit interspersion with genomic DNA (Kohli et al., 1998; Sawasaki et al., 1998) . Fluorescence in situ hybridization (FISH) of transgene loci on metaphase and pro-metaphase chromosomes and interphase nuclei (Abranches et al., 2000; Svitashev et al., 2000) and on extended DNA fibres (Jackson et al., 2001; Svitashev and Somers, 2001) shows that genomic interspersions in transgene loci vary in length from a few kilobases to megabases. Therefore, variation in transgene locus size and complexity is due to both the numbers of integrated whole and truncated copies of transgene DNA, and the frequency and size of genomic sequences interspersing the transgene copies within the locus (Svitashev and Somers, 2001) .
Genomic integration of T-DNA is mediated by illegitimate recombination (IR) (Gheysen et al., 1991; Mayerhofer et al., The Plant Journal (2002) 32, 433-445 ß 2002 Blackwell Publishing Ltd 1991; Vergunst and Hooykaas, 1999; Zambryski, 1992) , presumably at double-strand breaks (DSBs) in the genomic DNA (Salomon and Puchta, 1998; Tinland, 1996) . Rearrangements of integrated T-DNAs also are attributed to IR (De Buck et al., 1999; Jakowitsch et al., 1999) . Sequence analysis of transgene-plant genomic DNA border junctions in Arabidopsis (Sawasaki et al., 1998) and rice (Takano et al., 1997) , specific PCR-amplified regions within integrated transgenes in rice (Kohli et al., 1999; Kumpatla and Hall, 1999) , and a relatively small, simple transgene locus from tobacco (Shimizu et al., 2001) provide strong evidence that, in plants genetically engineered by direct DNA delivery, transgene integration and rearrangement result also from IR. Moreover, certain sequences in the delivered DNA, such as the 19 bp palindrome in the 35S promoter and AT-rich sequences, are thought to boost IR, leading to transgene rearrangements (Kohli et al., 1999; Kumpatla and Hall, 1999; Muller et al., 1999; Sawasaki et al., 1998) . In eukaryotes, IR may be mediated by homology-dependent single-strand annealing of non-contiguous DNA fragments (SSA-like) and synthesis-dependent strand annealing (SDSA) involving cis or trans template switches (Gorbunova and Levy, 1999) , and by a double-stranded end-joining mechanism mediated by a complex of proteins including the DNAbinding heterodimer Ku 70/80 (Haber, 2000; Lewis and Resnick, 2000) . This latter mechanism is referred to as non-homologous end joining (NHEJ) in the mammalian and yeast DSB repair literature. We note that IR is sometimes equated with NHEJ (Gorbunova and Levy, 1999) . To avoid confusion, we will use NHEJ to refer only to the Kumediated pathway. All three mechanisms may result in IR junctions with short homologous regions (microhomologies) between the non-contiguous fragments. Recently, it was shown that NHEJ proteins are required for T-DNA integration in yeast (van Attikum et al., 2001) . Because the structures of integrated T-DNAs are similar in plants and yeast, it is likely that NHEJ is also an important pathway for T-DNA integration in plants.
Investigations of DSB repair processes in plants show that transgene DNA, delivered by electroporation as part of the experimental system, is frequently incorporated as filler DNA in repaired DSB sites (Gorbunova and Levy, 1997) . We recently reported that transgene loci in oat were associated with chromosome rearrangements (Svitashev et al., 2000) , further supporting the involvement of DSB repair mechanisms in genomic integration of transgenes delivered by microprojectile bombardment. However, because there is only limited sequence data from transgene loci, not all aspects of transgene locus structure, especially the frequent recovery of complex loci interspersed with genomic DNA, have been completely elucidated. Large-scale sequencing of complex loci would provide greater insights into the processes involved in transgene locus formation in plants.
We sequenced more than 160 kb of the internal structure of transgene loci in two independently transformed oat lines produced by microprojectile bombardment. The transgene locus sequences from both lines exhibited regions of extensive scrambling involving truncated delivered DNA combined with fragments of oat genomic DNA to form the transgene loci. Analysis of junctions between non-contiguous stretches of delivered DNA indicated that transgene locus formation primarily proceeded via illegitimate recombination. The most interesting finding was that the majority of delivered DNA fragments found in the transgene loci (50 outof82)werelessthan200 bplong.VeryshortgenomicDNA fragments were also found interspersing the integrated delivered DNA. The presence of these short DNA fragments incorporated into the transgene loci, the positions of the breakpoints in the delivered DNA, and the observations of direct and inverted repeats provided evidence for the involvement of homologous recombination and DNA synthesisdependent mechanisms: These observations suggest that transgene locus formation involves the concerted action of several DNA break-repair mechanisms.
Results

Characterization of transgenic lines and structure of transgene loci
Two transgenic allohexaploid oat lines were produced from different sources of oat tissue culture using two different selectable marker genes (Somers et al., 1992; Torbert et al., 1998) . Line 803 was co-transformed with two plasmids, pBARGUS and pMAV, and line 3801 was transformed with pNGI ( Figure 1 ). Southern analysis was conducted using enzymes that have single restriction sites in the delivered DNAs, and the entire delivered plasmids were used as hybridization probes. A broad range of transgene-hybridizing fragments was observed in both lines, indicating complex transgene locus structures (Figure 2a) . The transgenehybridizing fragments of approximately 9.1 and 4.5 kb in line 803, and of 8.3 kb in line 3801, corresponded to the full sizes of pBARGUS and pMAV, and pNGI, respectively, suggesting the presence of tandem repeats of the delivered DNAs in each oat line (Figures 1 and 2a) .
The transgene loci were localized on metaphase chromosomes using FISH conducted with the entire plasmid sequences and the oat C-genome-specific repeat AsC2 (Ananiev et al., 2002) as probes. In line 803, a single transgene locus was detected on the telomere of a C-genome chromosome, indicating co-integration of both plasmids into the same chromosomal location (Figure 2b) . Line 3801 had a small transgene locus in addition to the large complex locus that we previously characterized (Svitashev and Somers, 2001; Svitashev et al., 2000) . The transgene loci in 3801 were detected on two different A/D-genome chromosomes. Both loci were at the borders of apparently preexisting telomeric translocations between the A/D-genome chromosomes and C-genome chromosome fragments (Figure 2c ). The majority of transgene loci in oat are localized in telomeric or sub-telomeric regions (Svitashev et al., 2000) . These regions are gene-rich, suggesting that transgenes integrated into them would have a greater probability of being expressed during tissue culture selection of transgenic cells compared with integration into heterochromatic regions. Previous characterization of line 3801 using Southern analysis and FISH (Svitashev et al., 2000) , and fibre-FISH (Svitashev and Somers, 2001 ) indicated that its major transgene locus is interspersed with genomic sequences ranging from a few to more than approximately 250 kb. Although the C-genome-specific repeat, AsC2, appears in metaphase chromosomes to overlap with the transgene loci in both lines (Figure 2b,c) , fibre-FISH indicated that AsC2 was not adjacent to the transgenes (data not shown).
Cloning integrated transgene DNA
Portions of the transgene locus in line 803 containing the origin of replication and the bacterial kanamycin resistance gene from pBARGUS were isolated by plasmid rescue following digestion of DNA with HindIII, which has one cleavage site in both pBARGUS and pMAV. Four clones, of approximately 5.8, 9 .3, 9.4 and 10.0 kb, respectively, were unique based on restriction analysis (data not shown). The remaining clones were identified as complete copies of pBARGUS, providing further evidence for the presence of tandem repeats of pBARGUS in this transgene locus. Southern analysis indicated that clones 803-10 and 803-14 contained large fragments of genomic DNA in addition to the transgene DNA (data not shown).
For line 3801, nine clones ranging from approximately 11-17 kb containing transgene-hybridizing DNA were isolated from a genomic lambda library. All but one of these clones, 3801-1, contained genomic DNA fragments identified by Southern analysis (data not shown). The genomic DNAs in clones 3801-2, 3801-3 and 3801-9 exhibited low copy numbers when used as probes in Southern analysis, whereas genomic DNA from clones 3801-4, 3801-5, 3801-6 and 3801-8 was repetitive (data not shown).
Transgene locus rearrangements
We sequenced approximately 35 kb from the four unique plasmid rescue clones isolated from line 803 ( Figure 3 ) and 125 kb of insert DNA from the nine genomic clones isolated from line 3801 (Figure 4 ). Sequencing revealed that lambda genomic clone 3801-7 was identical to the internal part of clone 3801-9; no other clones overlapped. The transgene locus clones isolated from both lines exhibited scrambled short or long, non-contiguous fragments of delivered and oat genomic DNA resulting from IR (Figures 3 and 4) . To confirm the presence of the highly scrambled regions and structures of particular interest in the genomic DNA from the transgenic plants, transgene locus fragments spanning these regions were isolated using PCR and sequenced (Figures 3b and 4b ). In all cases analysed, the sequence of these genomic PCR products confirmed that the cloned transgene structures were identical to the genomic sequence of the transgene loci, ruling out the possibility that these structures were due to cloning artefacts.
In clones 803-3 and 3801-9, the transgene DNA sequences between junctions J2-J5 and J5-J9, respectively, were composed of short imperfect direct repeats of the delivered DNA (Figures 3b and 4b) . In both cases, these repeats were derived from the plant selectable marker genes from each delivered DNA. In this same region of clone 3801-9, a spurious open reading frame (ORF) was created at junction J3 by fusion of a truncated fragment of the plant selectable marker gene, nptII, and its CaMV 35S promoter to an antisense fragment of the bacterial ampicillin resistance gene from the plasmid backbone ( Figure 4b ). A transcript from this ORF was not detected using RT-PCR of RNA extracted from leaf tissue (data not shown). Also in clone 3801-9, we detected a perfect inverted repeat centred on an EcoRI site between junctions J12 and J19 (Figure 4b ). Clone 3801-4 exhibited a perfect tandem repeat of approximately 1.5 copies of pNGI (Figure 4b ), confirming the previous indications from the Southern analysis ( Figure 2a ) that some portion of this locus may be made up of pNGI concatemers.
Rearrangements were also detected in the genomic DNA flanking the delivered DNA. PCR primers designed to amplify across the small transgene DNA inserts in clones 3801-6 and 3801-8 produced the expected amplification product from line 3801 but not from non-transgenic genomic DNA (data not shown). These results suggest that the genomic DNA sequences flanking these transgene fragments are either further separated in the wild-type genome or from different locations in the genome. Sequence analysis of clone 3801-4 revealed a 1034 bp intron-containing internal fragment of a waxy gene adjacent to the transgene DNA that was joined to a highly repetitive sequence (Figure 4b) . This altered waxy fragment may have been produced by scrambling of the genomic target site or by translocation from another location in the genome. The longer unannotated genomic DNA fragments flanking the transgene DNAs were investigated by PCR amplification using different primer pairs along these sequences. The production of PCR products from the DNA of the transgenic line but not from non-transgenic wild-type suggested that, in clones 3801-3, 3801-5, and 3801-8, these fragments resulted from recombination of several non-contiguous genomic DNA sequences of variable size. The deduced positions of the junctions in the flanking genomic fragments are shown in red in Figure 4 
(b).
Illegitimate recombination is the primary mechanism of transgene rearrangement Alignment of sequences from the transgene locus clones with the delivered DNAs was conducted to characterize the IR junctions and to identify breakpoints in the delivered DNAs. Sixty unique plasmid-plasmid and 35 plasmidgenomic junctions involving 155 breakpoints in the delivered DNAs were detected in approximately 160 kb of transgene sequences. The frequency of IR breakpoints per kb of transgene sequence was similar between the two lines. Only four plasmid-plasmid junctions had no homology between the non-contiguous delivered DNA sequences, whereas the remaining junctions exhibited 1-8 bp microhomologies at the junction points (Figure 5a ). The distribution of junctions based on the lengths of microhomologies differed from predictions for random end joining (Roth et al., 1985 and Figure 5b) , indicating that the transgene junctions were the products of IR. The formation of these junctions was remarkably accurate; point mutations were observed within the microhomologies in only three junctions (data not shown). Analysis of the microhomologies suggested that IR was independent of the sequence of the delivered DNA.
Very short DNA fragments are found in transgene loci
The majority of fragments of the delivered DNAs integrated into the locus were surprisingly short. The distribution of transgene fragment sizes from both lines was similar, indicating that the presence of such short fragments may be common features of transgene loci. Fifty of the 82 transgene fragments (61%) were shorter than 200 bp (Figure 5c) , and six fragments were 15 bp or shorter (data not shown). Alignments of the transgene sequence with the delivered DNAs showed that all fragments 15 bp or less were involved in junctions that exhibited microhomologies at both termini ( Figure 5a , example 4). We also identified five sequences of less than 15 bp that did not match the delivered DNAs. We concluded that these fragments were oat genomic DNA that formed very small interspersions in the transgene loci.
Association of breakpoints with motifs in the delivered DNA
In the transgenic oat lines, all IR junctions were unique, except those involved in the inverted repeat detected in line 3801, providing little evidence for specific recombination hotspots in the delivered DNAs. To analyse breakpoint locations, we arbitrarily defined the last nucleotide in an IR junction that exhibited sequence identity to the delivered DNA as the breakpoint (Figure 5a ). The breakpoints in the delivered DNAs forming IR junctions in both transgenic lines were also unique with two apparent exceptions. In one case, two breakpoints were detected within 1 bp of each other in the gusA genes of pBARGUS and pNGI. Another pair of breakpoints were within 2 bp in the Nos 3 0 untranslated region in pNGI. The presence of 3-5 bp microhomologies in both pairs of junctions made it impossible to determine whether the breakpoints were in exactly the same positions. There were no other breakpoints in the vicinity of these adjacent breakpoints, suggesting that these regions were not breakpoint hotspots. There were also no apparent differences in the frequency of breakpoints in the structural elements of the transgenes versus the plasmid backbones (Figures 3a and 4a) . To search for sequence motifs that might be associated with breakpoints, the Align X application of the Vector NTI software was used to analyse the sequences 20 bp on either side of the 155 breakpoints in the delivered DNAs. This analysis sorted the sequences surrounding the breakpoints into 16 clusters, of which none included more than 10% of the breakpoints. Comparison of the consensus sequences developed from each cluster indicated that there were no similarities or nucleotide biases, e.g. AT-rich sequences as described by Kohli et al. (1999) and Muller et al. (1999) , among the breakpoint sequences. To further evaluate the alignment analysis, the same procedure was performed on a control set of 118 random breakpoints produced using random number generation to assign breakpoints to the delivered DNAs. The analyses of the observed breakpoints versus the randomly generated breakpoints were essentially identical, indicating that there was no general consensus sequence for breakpoint location in the sequenced transgenes. Taken together, these results provided little evidence of elevated frequencies of recombination or predisposition to DNA breakage in specific regions of the delivered DNAs.
It is possible that only a portion of the breakpoints exhibited a consensus sequence motif that was not detected in the previous analysis. Therefore, the transgene sequences were analysed for sequence motifs shown to be associated with transgene loci and breakpoints in other reports. Topoisomerase I consensus recognition sequences (Jaxel et al., 1991; Wang, 1996) were frequently detected adjacent to breakpoints or involved in the junction sequence (data not shown). We found, however, that the frequency of this recognition site in the delivered DNAs was too high to draw conclusions about its association with breakpoints.
Topoisomerase II recognizes species-specific doublestranded DNA consensus sequences for cleavage, strand passage and resealing reactions. However, consensus sequences for plant topoisomerase II DNA binding and cleavage have not been reported, necessitating use of topoisomerase II recognition sequences from the vertebrate and Drosophila enzymes (Bakshi et al., 2001; Singh et al., 1997; Wang, 1996) for transgene analysis. Topoisomerase II sites were found in genomic DNA flanking transgenes in Arabidopsis (Sawasaki et al., 1998) and in association with IR junctions that restored transgene function (Muller et al., 1999) . We observed that these topoisomerase II consensus sequences were found in the delivered DNAs at the breakpoints or in the microhomologies involved in four NHEJ junctions (see Figure 5a for examples), which was a threefold higher incidence than in the randomly generated junctions (Table 1) . Twenty-five breakpoints exhibited topoisomerase II consensus sequences within 20 bp of the breakpoint, which was about twofold greater than predictions based on the randomly generated breakpoints. These topoisomerase II sites were asymmetrically distributed around the breakpoints, with about threefold more sites in the integrated portion of the transgene DNA versus the deleted side of the delivered DNA (data not shown). The significance of this observation in relation to the involvement of topoisomerase II in breakpoint formation is not clear and will have to await detailed characterization of the recognition sites and properties of this enzyme in plants. However, these results are the first report showing an association of topoisomerase II sites with breakpoints distributed throughout the delivered DNA integrated into plant transgene loci.
A stronger association was observed between the presence of structural and spatial motifs and the location of breakpoints in the delivered DNA. Of the 155 breakpoints, 137 (88%) occurred in perfect and imperfect palindromes involving 10 or more nucleotides (Table 1) . Frequently more than one breakpoint was clustered within a single palindrome (Figure 5d ). The occurrence of breakpoints in these palindromes was more than twofold higher than in the randomly generated breakpoints (Table 1) . To assess the relationship of breakpoints with putative structural motifs in the delivered DNA, an RNA-folding prediction program adjusted for DNA parameters was used to indicate positions of possible single-stranded secondary structures. One hundred and eleven (72%) of the breakpoints were within 1 bp of the border between a putative stem and either the loop or tails in the stem-loops predicted for these palindromes (for examples, see Figure 5d ). This was nearly threefold greater than for the random breakpoints, strongly implicating these structures as targets for breakpoint formation in the delivered DNAs (Table 1) .
Discussion
The extensive scrambling of the delivered and genomic DNAs detected in the transgene loci by large-scale sequencing was completely unexpected based on our previous characterization of these oat lines Svitashev and Somers, 2001; Svitashev et al., 2000) . This level of transgene locus complexity has not been previously reported, most likely because it would not be detected using conventional methods for analysis of transgene loci such as Southern hybridization, FISH or by sequencing only specific regions of transgene loci. The presence of these scrambled regions in the transgene loci from both oat lines suggests that these structures may be common features of complex transgene loci. Complex transgene loci are not limited to allohexaploid oat or to microprojectile bombardment, having been documented in diploids such as rice (Kohli et al., 1998 (Kohli et al., , 1999 Kumpatla and Hall, 1999) and Arabidopsis (Sawasaki et al., 1998) transformed by microprojectile bombardment, and in rice transformed using Ca-phosphate to deliver DNA into plant protoplasts (Takano et al., 1997) . A proportion of transgene loci produced using Agrobacterium tumefaciens also exhibit complex transgene loci, with multiple, rearranged T-DNA copies (Jakowitsch et al., 1999; Tax and Vernon, 2001) , filler DNA between tandemly repeated T-DNAs (Krizkova and Hrouda, 1998) and association with chromosome breakage and rearrangements (Fransz et al., 1996; Nacry et al., 1998; Papp et al., 1996; Tax and Vernon, 2001) . The presence of complex transgene loci in plants transformed by all extant methods suggests that these loci may also exhibit some level of transgene scrambling, because transgene locus formation appears to proceed via IR regardless of the DNA delivery method Levy, 1997, 1999; Kohli et al., 1999; Salomon and Puchta, 1998; Tinland, 1996; Vergunst and Hooykaas, 1999; Zambryski, 1992) .
The frequency and characteristics of the scrambled delivered and genomic DNA in the oat transgene loci provide further evidence that IR is the primary mechanism for transgene rearrangements. In the somatic cells of mammals and plants, DSB repair is primarily mediated by IR with minor but important contributions from homologous recombination (Gorbunova and Levy, 1999; Haber, 2000; Karran, 2000; Thacker, 1999) . In vivo investigations indicate that DSBs may be directly religated, may undergo enddegradation creating deletions at the repaired site, or may be patched through the addition of filler DNA (Gorbunova and Levy, 1997) . Filler DNAs detected in DSB repair sites include nuclear and organellar DNA, retro-element cDNAs, or DNA from the plasmids used to create the DSB repair system (Gorbunova and Levy, 1997; Moore and Haber, 1996; Ricchetti et al., 1999; Salomon and Puchta, 1998; Yu and Gabriel, 1999) . The presence of the small genomic interspersions in the transgene loci suggests that these fragments, in addition to the delivered DNA fragments, serve as filler DNA for repair of DSBs in the recipient genome. It is also conceivable that the larger interspersions observed in transgene loci (Abranches et al., 2000; Svitashev and Somers, 2001; Svitashev et al., 2000) are genomic fragments integrated into DSBs as filler DNA. PCR analysis of genomic DNA flanking the integrated transgenes suggested that it was also scrambled and probably incorporated as filler DNA during DSB repair at the transgene locus integration site. Recently, it was reported that recombined genomic DNA also flanks the Roundup Ready locus in commercial soybean varieties (Windels et al., 2001) , further documenting genomic scrambling adjacent to transgene DNA. Based on studies of DSB repair in plants, Gorbunova and Levy (1997) suggested that the products of IR in repaired DSB sites are more complex than those from other organisms. Our observation of the extensively scrambled regions of transgene loci supports this suggestion and provides further insight into the mechanism(s) involved in transgene locus formation.
Specific IR junctions and transgene structures provided evidence for synthesis-dependent mechanisms. The imperfect duplications of the delivered DNAs detected in both lines (Figure 3b , 803-3, J2-J5 and Figure 4b , 3801-9, J5-J9) suggest some level of DNA synthesis, perhaps involving cis template switching. Although multiple copies of the delivered plasmid DNA are carried to the nucleus on a microprojectile (Hunold et al., 1994; Klein and Jones, 1999) and structural features in the delivered DNA may predispose it to formation of specific fragments, there is a very low probability that multiple short fragments from the same region of two or more molecules of the delivered DNA would randomly occur in close proximity during locus formation. Another result that supports a DNA synthesisdependent mechanism of junction formation was observed in clone 3801-9. A perfect inverted repeat (J12-J19) involving a duplication of four non-contiguous plasmid-plasmid junctions indicated that the repeat formation followed junction formation. This structure may have formed after endjoining of delivered DNA fragments by intra-molecular recombination around a breakpoint adjacent to the EcoRI, site followed by single-strand DNA synthesis as described for induction of large DNA palindrome formation in yeast (Butler et al., 1996) .
The detection of an approximately 1.5 Â perfect direct repeat of pNGI in clone 3801-4 combined with the Southern analyses indicated the presence of transgene concatemers in these loci. The creation of full-length tandem repeats is possible through extra-chromosomal homologous recombination between copies of linear DNA as shown for directly delivered DNA (Bishop, 1996) and T-DNAs (Offringa et al., 1990) . The examples and proportions of structures indicating involvement of illegitimate recombination and homologous recombination within the same oat transgene loci represent the first report showing that transgene rearrangements occur through the interplay of the various processes involved in DSB repair, of which IR predominates. A likely mechanism of transgene locus formation would involve concentration and IR of DNA fragments in a process that continues until two broken chromosome ends are patched.
The majority of breakpoints occurred in stem-loop structures predicted from palindromes in the delivered DNAs, suggesting that these motifs are either cleavage sites or where end-degradation by cellular exonucleases terminated. In studies designed to determine transgene structures around the 35S promoter, the 19 bp palindrome has been identified as a recombination hotspot (Kohli et al., 1999) and exhibited a propensity for fragmentation and illegitimate recombination (Kumpatla and Hall, 1999) . In another study designed to restore transgene function via illegitimate recombination, Muller et al. (1999) showed that deletion termini in non-contiguous junctions were localized in palindromes or A/T-rich DNA elements built into their test system. It was not clear from the results of these studies whether specific palindromes or construct-specific structures were responsible for breakpoint or junction formation versus the involvement of palindromes in general. In the oat transgene sequence data, only one out of the 155 breakpoints involved the 19 bp palindrome in the 35S promoter. Moreover, all IR junctions were unique in that none combined the same breakpoints from different regions of the delivered DNAs, even though pBARGUS, pNGI and pMAV share substantial sequence identity. Thus there was little evidence for hotspots of recombination or breakpoint formation in the delivered DNA sequences, other than palindromes in general. The observation that palindromes are involved in either breakpoint or junction formation suggests that the delivered DNA, which is a doublestranded plasmid, undergoes a transition that allows the formation of secondary structures such as cruciforms or stem-loops. The location of 72% of the breakpoints within one nucleotide of the border of a double-stranded stem and either a single-stranded loop or tail (Table 1) provides further evidence that the delivered DNA is either presented to the IR complex or modified by it to assume these single-stranded folded structures for breakpoint and/or junction formation. Southern analyses of transformed plants produced by microprojectile bombardment using doublestranded versus single-stranded DNA did not reveal any differences in transgene locus complexity (Uze et al., 1999) , further supporting the view that folded single-stranded DNA structures may be involved in IR during transgene locus formation.
The presence of microhomologies in the majority of IR junctions in the transgene loci indicates that either SSAlike, SDSA, NHEJ or a combination of all three mechanisms is involved in transgene rearrangements. The high proportion of short DNA fragments in the transgene loci, combined with evidence for involvement of DNA synthesis in some transgene structures, allow determination of the mechanism(s) involved in transgene rearrangements. NHEJ is the major pathway for DSB repair in mammals and yeast (for review, see Tuteja and Tuteja, 2000) . The Ku70/80 heterodimer and a catalytic complex bind to the termini of double-stranded DNA fragments regardless of sequence, protect them from end-degradation, concentrate the broken DNA ends at a DSB site and position the DNA ends for ligation by ligase IV, creating NHEJ junctions. Plant orthologues exist for the genes that encode the yeast and mammalian NHEJ proteins (for review, see Lewis and Resnick, 2000) . Moreover, Ku70 is essential for T-DNA integration in yeast, because no transformants could be isolated in a yku70 mutant strain (van Attikum et al., 2001) . However, whether Ku-mediated NHEJ is the major pathway for integration and/or rearrangement of delivered DNA in plants has not been demonstrated. While the transgene sequence data from oat do not provide insight into the role of Ku in genomic integration of the delivered DNA, mainly because of the complex rearrangements in the genomic DNA flanking the transgenes, the data do indicate that mechanisms other than or in addition to Ku-mediated NHEJ are involved in producing transgene rearrangements.
The most interesting finding of our analysis is the high proportion of small transgene and genomic fragments detected in the transgene loci. All but 14 of the 82 isolated fragments of the delivered DNA were shorter than 1 kb, with 61% of the fragments being less than 200 bp. DNA delivery via microprojectile bombardment is expected to result in some shearing of the delivered DNA, and further fragmentation may be mediated by the action of cellular nucleases. The Ku heterodimer contacts 13-21 bp of DNA and additional Ku molecules bind at 25-30 bp intervals when present in a multimeric array on a DNA strand (Tuteja and Tuteja, 2000; Walker et al., 2001) . A model for the structure of Ku heterodimers involved in a repair complex suggests that there would be a distance of 20-24 bp between the Ku-DNA ends, of which 12 bp would be accessible to other repair enzymes in the Ku complex. The length requirements for Ku function are longer than a significant proportion of the transgene and genomic fragments detected in the transgene loci. Six delivered DNA fragments of less than 15 bp were involved in junctions that exhibited microhomology on both termini (see Figure 5a , example 4), indicating that they were incorporated by IR. In addition, five genomic fragments of less than 15 bp were integrated into the transgene loci. Presumably these fragments are too short to be substrates for Ku-mediated NHEJ. The presence of these short fragments suggests that either (1) plant Ku homologues have different minimum DNA fragment size requirements for performing NHEJ, (2) junction formation via Ku initially involves longer fragments that are degraded following NHEJ, or (3) mechanisms other than Ku-mediated NHEJ such as SSA-like or SDSA (Gorbunova and Levy, 1999) are responsible for either junction formation with, or creation of, very short DNA fragments as shown for Kudeficient mammalian cell lines (Feldmann et al., 2000) . The presence of imperfect duplications in some regions of the scrambled transgene loci indicated SDSA involving frequent template slippages and switches as opposed to, or in combination with, Ku-mediated NHEJ in transgene locus formation.
The possible consequences of the transgene locus structures that we observed are manifold. Transgene scrambling would cause problems with gene expression because complex transgene loci are often associated with transgene silencing (Jakowitsch et al., 1999) . Both transgenic oat lines analysed in this study exhibited silencing Svitashev et al., 2000) . Transgene scrambling and the recruitment of filler DNA may result in production of spurious ORFs through juxtaposition of a transgene or plant promoter to scrambled genomic or transgene sequences. The fusion created at junction J3 in clone 3801-9 is an example of this possibility, as are other previous reports (Kumpatla and Hall, 1999; Morino et al., 1999) . Furthermore, scrambling of genomic DNA flanking the transgene locus and the association of transgene loci with chromosomal rearrangements may cause complex transgene structures, leading to problems with transferring the transgene locus to elite cultivars for crop improvement. Attempts to avoid the production of complex transgene loci via microprojectile bombardment or to effect post-integration simplification of transgene locus structure show some promise (Fu et al., 2000; Srivastava et al., 1999; Uze et al., 1999) . However, understanding transgene locus formation mechanism(s) is more likely to lead to strategies for increasing the production of simple loci.
Experimental procedures
Transgenic plants
Oat (Avena sativa L.) plants were transformed using microprojectile bombardment to deliver the entire plasmids into regenerable tissue cultures. Line 803 was transformed with pBARGUS, containing the selectable marker bar gene and reporter gene gusA, and ß Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 433-445 with pMAV, carrying a barley yellow dwarf virus coat protein sequence, using immature embryo-derived tissue cultures as target cells and phosphinothricin selection (Somers et al., 1992) . Line 3801 was transformed with pNGI, containing the selectable marker nptII and gusA, using mature embryo-derived tissue cultures and paramomycin selection . Regenerated plants were allowed to self-pollinate and their progeny were analysed.
Southern and FISH analyses
Southern and direct FISH analyses were conducted as previously described by Svitashev et al. (2000) . For indirect FISH, probes were labelled with biotin-11-dUTP or digoxigenin-11-dUTP (Roche, indianapolis, IN, USA) using a nick-translation labelling kit (Roche) according to the manufacturer's recommendations. After precipitation, the probes were re-dissolved in TE buffer and stored at À208C. The labelled probes (10 ng per slide) were hybridized to chromosomes in a mixture of 50% v/v deionized formamide, 10% w/v sodium dextran sulphate, and 6 Â SSC in a final volume of 10 ml. The slides were covered with cover slips, sealed with rubber cement and incubated at 808C for 2 min to denature both the probe and the target DNAs, followed by incubation at 378C overnight. The post-hybridization washes were conducted as described by Svitashev et al. (2000) . The biotin-labelled probes were then detected with fluorescein-conjugated avidin DN (Vector Laboratories, Burlingame, CA, USA). The digoxigenin-labelled probes were detected using Cy3-conjugated anti-digoxin (Jackson ImmunoResearch Laboratories Inc. West Grove, PA, USA). The slides were then mounted in Vectashield mounting medium (Vector Laboratories). Preparation examination and digital image capturing were performed as described by Svitashev and Somers (2001) .
Transgene locus cloning
Plasmid rescue was used to isolate portions of transgene locus from line 803. Total genomic DNA was digested overnight with restriction endonuclease HindIII and self-ligated with 30-90 units of T4 DNA ligase in 2-3 ml ligation mixture for 36 h at 138C. Selfligated DNA was transformed into XL2-Blue MRF 0 ultracompetent cells or XL1-Blue MRF 0 electroporation-competent cells (Stratagene, La Jolla, California, USA) according to the manufacturer's recommendations, and plated on solid LB medium supplemented with 50 mg ml À1 kanamycin. Rescued plasmids were digested with HindIII to eliminate chimeric clones resulting from co-ligation of two or more different restriction fragments.
For isolation of portions of transgene locus from line 3801, a genomic DNA library was constructed in the lambda-DASH II vector (Stratagene). A total of 5 Â 10 5 recombinant bacteriophage from the unamplified library were plated, and plaque lifts were performed using Biotrace NT membrane (Gelman Sciences, Ann Arbor, Michigan, USA). Plaque DNA was then denatured and probed with 32 P-labelled pNGI. Hybridizing plaques were purified until single hybridizing plaques could be unambiguously identified. Isolated lambda DNA was digested with the restriction endonuclease XbaI. Transgenes were subcloned into pBlueScript KSþ (Stratagene) according to the manufacturer's recommendations.
DNA sequencing and data analysis
Nucleotide sequences of cloned fragments were determined by primer walking, using the ABI PRISM automated sequencing system (Perkin Elmer). In most cases, transgene locus subclones were sequenced using multiple passes. All plasmids used for transformation were completely sequenced to confirm junction structures and origins of DNA in the transgene loci fragments. To confirm the presence of scrambled transgene sequences and the newly created structures, we PCR-amplified and sequenced transgene fragments spanning these structures from genomic DNA of lines 803 and 3801.
BLAST searches of genomic DNA sequences were performed manually against GenBank and plant EST databases using the web servers at NCBI (http://www.ncbi.nlm.nih.gov/BLAST) and Computational Biology Center (http://www.cbc.umn.edu). Sequences close to breakpoints were analysed using the Align X application of Vector NTI software. Sequences of all clones were analysed for the presence of direct and inverted repeats, A/T-rich sequences, satellite sequences, palindromes, stem-loops and other folding structures using programs available online: repeatmasker (http:// repeatmasker.genome.washington.edu), Vienna RNA Package RNAfold 1.4 (http://www.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), and marscan (http://bioweb.pasteur.fr/seqanal/interfaces/marscan.html). Topoisomerase I and II recognition sites were identified based on the consensus sequence described for Drosophila and vertebrates using a program available online: Mar-Wiz (http://www. futuresoft.org/modules/MarFinder).
